A new atomic force microscope force ramp technique using digital force feedback controlreveals mechanically weak protein unfolding events M Kawakami and D A Smith Abstract A statistical calculation is described with which the saw-tooth-like unfolding patterns of concatenated heteropolymeric proteins can be used to estimate the forced unfolding parameters of a previously uncharacterized protein. The chance of observing the various sequences of unfolding events, such as ABAABBB or BBAAABB etc, for two proteins of types A and B is calculated using proteins with various ratios of A and B and at different values of effective unfolding rate constants. If the experimental rate constant for forced unfolding, k 0 , and distance to the transition state x u are known for one protein, then the calculation allows an estimation of values for the other. The predictions are compared with Monte Carlo simulations and experimental data.
A statistical approach to the estimation of mechanical unfolding parameters from the unfolding patterns of protein heteropolymers 
Introduction
Dynamic force experiments are a versatile way of characterizing the strengths of inter-molecular bonds in a variety of complex biomolecules [1] [2] [3] [4] [5] . Using an AFM microscope, forces in the range of a few pico-to nanonewton can be applied to a molecule, and smaller forces can be applied by using optical tweezers [6] . Controlled bond breaking in ligand-receptor complexes or in protein unfolding occurs because the barrier between the ground state and transition state k 0 is reduced by the force applied, f . Often a force is applied that increases with time and in the case of a homopolymeric protein this produces a forceextension profile partly resembling a saw tooth. The energy by which the barrier is lowered is given by f · x u where x u is a measure of the displacement from the ground state of the protein to its mechanically unfolded transition state. Barrier crossing is stochastic in nature because it is driven by thermal energy and crossing therefore occurs over a range of forces. This is particularly noticeable in single molecule experiments as no ensemble averaging is present. After many separate experiments at a given pulling speed, these forces are assembled into a histogram from which the most likely unfolding force at that pulling speed is quantified. Repeating this process at many speeds gives the speed dependence of the unfolding force from which the parameters k 0 , x u ) that describe basic features of the underlying mechanical landscape (which is usually different to that measured for the intrinsic pathway) can be extracted. However, when extending a polymeric protein, the number of folded domains and the compliance of the polypeptide chain changes in a non-trivial way affecting the instantaneous pulling speed obviating direct extraction of k 0 u and x u . Instead, these parameters are obtained either by analytical methods or by modelling the unfolding process in silico using Monte Carlo methods [7] [8] [9] which is a computer intensive and time-consuming process.
In a homopolymer (A) n , each domain is identical and on average, each protein remaining folded at a certain extension will have the same chance of unfolding as each has the same barrier to overcome. However, it is now possible to devise polymers containing two or more types of proteins [5, [10] [11] [12] . In this case, the probability of unfolding a protein at a particular position in an unfolding sequence will depend on its rate constant for mechanical unfolding k 0 , the distance to the transition state x u and the compliance. This suggests that if the proteins in the heteropolymer are sufficiently different in length when unfolded, the type that unfolds at each event can be identified, and the pattern of unfolding events can be used to obtain information on the unfolding energy landscape.
In this communication, the chances of a protein unfolding based on statistical and kinetic arguments is examined, and a scheme proposed whereby the ratio of type A to B unfolding events in a heteropolymer, consisting of type A and B proteins, (AB) n , or A n B m−n can be predicted as a function of event number. The predictions described here, which are supported by Monte Carlo simulations, allow the estimation of k 0 and x u for an unknown protein.
Suppose the sequence of pulling events can be determined for proteins of the type (BA) n synthesized perhaps as BABABA. The sequence of unfolding events does not have to follow the BABA pattern but is determined by chance and modified by the relative rate constants for unfolding type A and B proteins. It is assumed that the protein represented by B has an effective unfolding rate constant k B and A has a value k A ; k B can be greater or smaller than k A but without loss of generality, it is assumed that k B k A . The ratio of rate constants is an important consideration because if rate constant k B is far greater than k A , all the type B proteins might unfold at almost zero force and no competition between A and B unfolding is present. Conversely, if k B is far smaller than the other rate constant then the heteropolymer could be released from the AFM cantilever before any B protein unfolding occurs.
In a protein such (AB) 2 , the number of possibilities in which unfolding can occur is AABB, BBAA, ABAB, BABA, ABBA, BAAB. In the general case, there are n p = m!/[n!(m − n)!] permutations and therefore n p sequences out of a total of m proteins containing n of type B; however, knowing the total number of sequences does not tell us what those sequences are. A particular sequence is needed to calculate the chance that it will be observed and this leads to the ratio of rate constants k A and k B .
Generating sequences from the heteropolymer B n A m−n
In the protein heteropolymer consisting of type A and B proteins, there are n type B proteins out of a total number of m. Suppose that a list f (n, m) of symbols A and B is defined and which describes all the possible arrangements that could be observed when the protein is pulled. For example, f (6, 12) represents the list of all the ways the protein (BA) 6 could unfold and would contain 924 sequences, each one representing a different unfolding saw-tooth pattern.
The initial values of the lists are defined as
which shows that a single protein has a list of length 1. The general formula for longer lists can be obtained by induction and is given by the recursive relationship:
which applies when 0 < n m/2. The summation generates all values in the list; however, the '+' implied by summation means only that several sequences exist, it is not possible to add sequences in the algebraic sense; AB+BA means only that the two sequences AB and BA exist. Multiplication of sequences does not commute, AB − BA = 0, and acts only to extend a sequence, AB × AB = ABAB. For a homopolymer only of type A, the first index is zero,
and for type B alone the first index is equal to the length of the homopolymer:
for example, f (4, 4) = BBBB. The conditions f (0, 0) = 0 and f (n, 0) = 0 follow naturally because if the protein has length zero it cannot exist; hence a value of 0 or 'null' has the effect of deleting a sequence, equivalently multiplication by zero deletes a sequence from the list, 0ABB = ABB0 = 0. When n > m/2, then it is possible and sometimes easier to define a list's conjugate, namely,
The conjugate of B is A and vice versa: f (4, 6) =f (2, 6). A heteropolymer of 4B and 2A proteins, BBBBAA, can be calculated as if it were BBAAAA and then exchanging A and B. Operating equation (3) on the protein BA produces the list:
which is an obvious result. The list for a protein (BA) 2 produces six sequences:
and similarly for larger proteins. This list is reminiscent of the convolution of f (2, 2) with itself.
Having obtained the sequences (unfolding patterns) as a list then the relative yield, or chance, of observing a given sequence can be calculated. Starting from the end of a sequence for each A type protein encountered each A protein has a chance,
of unfolding and for B,
where integers i and j are initially zero; they are incremented, respectively, each time an A or B protein is encountered with the restriction that i + j cannot exceed m. The total chance ϕ of observing a given sequence is calculated as a product of terms where
and where ϕ 0 = 1. The sequence ABBA, where m = 4, produces
Equal rate constants in (AB) n proteins
If the unfolding lengths were identical and k a did not equal k b , it would still be difficult to identify each event unambiguously. The chance of the first unfolding event being an A type protein is 50% because the rate constants are equal; however, the chance C i of observing i type A protein unfolding events at the start of the pulling sequence is
For example, if the protein is B 5 A 5 then the chance of observing pulling sequences starting with AA (i = 2) and where the next event could be A or B is 22.2% as n = 5, m = 2n. Thus C 2 , equation (11), counts all sequences of the type AAXXX where X is A or B. When n is large and m = 2n this equation has the limit 2 −i . The number of sequences starting only with two A events, say AABXX, is the difference between C i+1 and C i or
and for sequence AABXX is 13.9% or 35 out of the 252 possible sequences. When there is an infinite number of pairs (BA)
Once there are more than six pairs, the fractions are hardly distinguishable from those of an infinite sequence which suggests that large sequences have little practical utility.
Different rate constants k B > k A
In an (AB) n heteropolymer when k B > k A , the chances of observing protein A unfold as the first event depends only on the ratio of rate constants, not on the length of the sequence. For example, when k B /k A = 1.5, 40% of events unfold a type A protein first. This observation may seem obvious as there are equal B and A proteins present whatever the length, but it is not true for events starting with AA or AAA etc as the fraction of these varies with the number of BA pairs. The total fraction of events (yield) in a B q A p protein with p type A and q type B domains and which is observed to start with an A protein unfolding event is given by
where Q is a function of the form (ik A + jk B )where i and k cover all the allowable combinations in the denominator of equation (9) . Its particular form depends on the sequence and has to be calculated algorithmically. When q = p, then the fraction in square brackets is always 1, and equation (13) 
Application to experimental data

Multiple A domains and a single B domain
The use of heteropolymeric constructs is becoming more prevalent in single molecule mechanical unfolding experiments. Typically, the domain of interest is expressed either as a single copy in a scaffold of four other identical domains with known mechanical properties [5, 13] or tandem repeats of the domain of interest with scaffold proteins [7, 10] . Using scaffold domains allows the analysis of insoluble or difficult to express proteins [7, 10] or the measurement of (un)folding transitions of the protein of interest [13] .
As a first example of the method, some calculated and experimental data are compared in a heteropolymer of the form AAAAB. The heteropolymer is one containing four I27 and one E2lip3 proteins [5] , (I27) 4 (E2lip3). If this construct is expressed in bacteria grown in the presence of lipoic acid, E2lip3 is modified in vivo by attachment of this moiety to the side-chain of lysine 41, termed (I27) 4 (E2lip3 lip ). This modification allows specific attachment to a gold-coated AFM substrate via the dithiolane ring. The direction in which this heteropolymer was subsequently pulled makes the E2lip3 lip protein more resistant to mechanical unfolding than E2lip3 itself when in (I27) 4 (E2lip3) and extended from the N-and Ctermini [5] . The two heteropolymer configurations are shown in figure 1 . The force needed to unfold E2lip3 lip is similar to that of I27 and varies from ∼150 pN to ∼200 pN depending on the AFM's tip retraction speed, which was varied from 100 nm s −1 to 2500 nm s −1 . The E2lip3 lip heteropolymer always shows five unfolding peaks, plus the detachment peak, and furthermore because E2lip3 lip has a different unfolding length to I27 (10 versus 24 nm) it is easily identified.
In the heteropolymer of the type just described, A n B which consists of m proteins with n, A type domains the chance of observing the single B protein unfolding as the mth event is calculated following the method leading to equation (9) and is
where R = k B /k A , figure 1 , shows the chance ϕ of the observing protein B (E2P3 lip ) versus the unfolding position (event number m) with a ratio of k B /k A = 3.8 and which describes the data [5] in figure 1 reasonably well. The open circles show the experimental data and solid circles that calculated using equation (14) . (This figure is redrawn from data in [5] ) The lines are added only to guide the eye. Bottom: the sequence of (I27) 4 E2lip3 proteins and pulling directions are shown as arrows.
Multiple A and B domains
For any given heteropolymer, the chances of observing a given sequence varies in a way depending upon the ratio of effective rate constants; an example using equation (9) is shown in figure 2 for (AB) 3 A as solid lines for the sequences indicated. The open circles are the experimentally observed sequences for (I27-protein L) 3 I27 pulled at 700 nm s −1 . At ratios of k B /k A greater than about 5 the most likely sequence alone is sufficient to characterize the data, and although knowing the percentage of other sequences will improve this, in practice the other sequences are observed less frequently and hence have a larger relative error. At small ratios of rate constants, the chances of observing a given sequence are similar to that of any other and do not easily allow determination of the unfolding parameters. However, the observation of many different sequences with similar likelihood indicates that the parameters for the proteins are similar.
The statistical calculation does not explicitly include the effect of compliance; Monte Carlo calculations were therefore performed to study the effect of this as the concatemer's length increases. The equations used in the simulation are described by [14] , and the method used was similar to that of Rief et al [8] . The results are shown as filled circles in figure 2 after 1000 repeated calculations; the standard deviation shown on one set of data is typical of that after only 50 calculations. The parameters used [7] were those for I27 and protein L, where k B /k A = 14 and both x u are 0.26 nm. The folded protein lengths were 4 and 3.7 nm, respectively, the unfolded lengths are 28 and 18.6 nm, the linker length is 2.7 nm, and the cantilever force constant is 40 pN nm −1 . The statistical and Monte Carlo calculations are in good agreement with the range of k B /k A used. With this particular calculation, the change in compliance does not alter the order of observed unfolding sequences, and hence good agreement between the two types of calculation was observed. This was because the same x u value was used and, as this appears in the exponential term in the Arrhenius-type rate expression, the ratio of these terms changes in a similar way as the compliance changes. If the rate constants are the same but x u is changed, then the effect of compliance is observed in a dramatic way but nonetheless the Monte Carlo calculation fits the statistical curves but always at a different k B /k A to that expected. However, accurate values for the mechanical unfolding parameters for the second domain type can still be estimated using the statistical approach. For example, when the rate constants are made equal but x u has values of 0.22 and 0.26, the Monte Carlo data fit the curves in figure 2 at ratios k B /k A of 5 and 5.25 at pulling speeds of 270 and 700 nm s −1 , respectively. To analyse these data, we assume that the mechanically unfolding rate constant at force f has an Arrhenius form k A = k 
Comparison with experiment
Recent experimental data [7] obtained at a pulling rate of 700 nm s −1 from the heteropolymer (I27-protein L) 3 I27 are shown in figure 2 as open circles. The ratio of rate constants that best fits the data k L /k I 27 ≡ k B /k A is 12.5 ± 0.5. Although many sets of data were analysed only 25 were found to have a complete sequence of seven events, hence the large error bars shown in the figure. The data taken at 270 nm s −1 had a similar ratio of rate constants k L /k I 27 = 12.5 ± 0.5.
In this heteropolymeric construct, the spacer domain (I27) has been studied extensively, so both the rate constants for the mechanical unfolding pathway k 0 and x u are known. This allows the rate constant k 0 and x u from the unknown protein, protein L, to be obtained because there are data at two or more pulling speeds. Using the values for I27, k [7] of 0.04 s −1 and 0.26 nm, respectively. The alternative method of estimating the rate constants would be a nonlinear least-squares Monte Carlo fitting of the saw-tooth profiles (force versus time), which is a long and complex calculation and subject also to the same limit of small data sets. The statistical method provides a viable alternative with which to compliment this complicated procedure.
Conclusions
This work develops a statistical model to analyse the unfolding patterns of concatenated heteropolymeric proteins and was compared with Monte Carlo calculations. Using this model, the rate constant k 
